Introduction
As a result of scientific, historical and political factors, the data generated by the human genome project are disseminated in dozens of independent and heterogeneous databases. Database interoperation allows the integration of data from different sources, provided that links realize the semantic interconnection.
We propose a system called genXref to generate links between objects of heterogeneous databases automatically. A link is simply a bi-directional connection between two database objects. Since a considerable amount of the information stored in public databases consists of terms, we used this information for link inference. In the following paper, we use the term 'document' as the written, natural language text that describes an object of a database.
The plan of the paper is as follows. The following section gives an overview of database links in the context of genome research, presents the two biological databases used as an illustration and introduces information retrieval technology. Subsequent sections describe genXref implementation, evaluate the genXref links and discuss the results.
System and methods

Database links
A database link connects an object in one database to another object in a possibly different database. Primary data and links are usually defined during the same process, either from literature scanning or direct submission from the author. Typically, for any piece of biological information that is produced in a laboratory, there are a number of databases that could store some or all of the data. Below is a non-exhaustive list of public databases that collect data related to the elucidation of genes [note that: (i) the roles of the databases can overlap and thus generate some redundancy; (ii) this list does not include any specialized databases; (iii) data are usually generated by several teams]. Genome data found in public databases do not always come with an extensive set of links to related information in other databases. These links can be missing because the data submitters were not aware of the importance of links or because the database managers failed to provide convenient facilities for storing such information. However, the situation is improving. In 1987, Bairoch introduced the DR field to store links in Release 4 of Swiss-Prot (Bairoch and Apweiler, 1996) . In 1995, a similar field, db_xref, appeared for Release 92 of Genbank (Benson et al., 1996) . Release 6 of GDB (Fasman et al., 1996) introduced the third-party editing schema; this allows the addition of database links via an authenticated annotation.
GDB and Genbank
To validate our approach, we queried two important databases in the human genome project: Genbank (Sequence Data Bank), containing nucleic acid sequences; and GDB (Genome Data Base), containing chromosomal mapping information. Researchers frequently navigate from one to the other by means of links. The definition of more links will allow researchers to be more productive. In addition, GDB and Genbank make a good case study because they represent two extrema with regard to their implementation schemes.
Version 6 of GDB (1995) introduced an object model, implemented with the object protocol model (Chen and Markowitz, 1995) on top of a relational database. The data are updated on a daily basis. Expert queries can be performed via an object broker client API library. A Web interface allows the user to perform ad hoc queries. GenXref creates a document for each gene by extracting the names attributes of a GDB gene object. The document is referred to by a unique GDB identifier.
Genbank is a structured flat file library, the information related to each sequence is stored within an entry. Daily updates of the sequences are available at the NCBI ftp server and mirror sites. A major release is published every 2 months. Information retrieval systems such as Entrez (http://www.ncbi.nlm.nih.gov/Entrez/) and SRS (http://www.infobiogen.fr/srs/) are typically used to query Genbank. GenXref creates a document for each sequence entry by extracting the DEFINITION, KEYWORDS and LOCUS entry fields. A document is referred to by a unique Genbank accession number.
We focused on human data for the purpose of this paper: only GDB genes and human Genbank sequences were queried. We excluded STS (sequence tagged sites) and EST (expressed sequence tags) data because most of them are insufficiently annotated.
Information retrieval technology
Information retrieval (IR) is concerned with selecting documents from a collection. In this section, we present an overview of IR technology. For an account of IR in greater depth, we refer the reader to the paper by Salton (1991) .
The indexing units or terms are typically built from single words. Some IR systems implement text stemming (finding the 'root word', usually by suffix deletion) or semantic units composed of multiple words (term phrase). The terms of a document are indexed to represent text content. The indexing may be carried out manually or automatically. A full-text retrieval system uses all terms for document characterization except for common function words: the stop words. The different steps for building and using an IR system are shown in Figure 1 . 1.Boolean model: a query is a boolean combination of terms.
The retrieval engine is designed to select documents that match the query. 2.Space vector model: each document is described by a vector whose non-zero coordinates correspond to the terms contained in it. This vector forms the term signature of the document. Similarly, a query is a vector of weighted terms. Weighting allows the assignment of variable importance to the terms. The weight assignment is usually deduced from a global weight and a local weight. These weights measure the importance of a term within the document and over all the documents of the collection, respectively. The distance between two vectors gives a similarity measure. This is used to select documents that match a query.
Precision and recall are the most common parameters to measure retrieval system performance. The precision is the proportion of retrieved items that are relevant to the query. The recall is the proportion of relevant items that are retrieved by the query.
Implementation
GenXref is a full-text, vector space, IR system with automatic indexing of terms. The idea behind genXref is the effective use of the well-known IR technology for generating links between heterogeneous databases, in this case between GDB and Genbank databases.
Automatic indexing
The indexing of the terms for each document requires several steps.
First the genXref parser artificially generates a new semantic unit by concatenation whenever a word is followed by a single letter or by a number. For example, the string 'interleukin 1' yields the terms 'interleukin', '1' and 'interleukin1'. The goal is to extricate objects of the same family; it frequently occurs when different objects either participate in or share the same biological function. A similar treatment is applied to terms separated by a hyphen, so 'insulin-like' yields 'insulin', 'like' and 'insulinlike'.
Text stemming happened to be unnecessary for these databases because the information extracted is largely made up of keywords. Verbs are rarely conjugated and nouns are singular due to a concise style of writing.
The strings are then down-cased, punctuation characters, stop words and one-character words (either a number or a letter) are removed. The list of stop words not only includes the common function words, such as conjunctions, but also generic biological terms such as 'protein' or 'exon'.
All the remaining terms are indexed under two categories: semantic modifiers and keywords. A semantic modifier is a term with no specificity by itself, used to modify the meaning of other terms (e.g. 'binding', 'receptor' or 'pseudogene'). We defined these modifiers manually by checking all the terms with a high frequency. This resulted in a list of 227 semantic modifiers. All the other terms are indexed under the keyword category.
Term weighting
Each object is characterized by two vectors of weighted terms (keywords and modifiers), whose non-zero coordinates correspond to the terms of the document.
GenXref uses the same weighting scheme as for the Entrez neighboring method (Wilbur and Coffee, 1992) . Equation (1) gives the local weight of term t in document d, also known as the inverse document frequency. m d,t is the occurrence of t in d and m d is the maximum occurrence of any term in d.
Equation (2) gives the global weight, also known as the term frequency. N is the total number of documents and n t the number of documents that contain t.
Equation (3) gives the resulting weight of term t in document d.
The signature of a document is formed by the two vectors of weighted terms: one for the keywords, the other for the modifiers.
Link inference
We introduce the belief value (BV) of a link, which is the genXref measure for the relevance of a link. It is deduced from the signatures of two documents. GenXref implements a widely used measure in IR to calculate the distance between two vectors: the cosine measure of similarity. It produces a value of zero when no common terms exist and a value of one when all terms match. Equation (4) 
For every pair of documents, genXref computes the similarities between the keyword vectors (sim key ) and the modifiers vectors (sim mod ). Based on heuristics, the following criteria were applied to compute the BV of a link between two documents: 1.If neither document contains a modifier, the BV is given by sim key . 2.The BV of a link with sim mod ≤ 0.5 is null. The idea is to discriminate objects that are distinct entities although they share some biological context, e.g. objects such as the 'insulin gene' and the 'insulin receptor gene'. In this case, 'receptor' is the semantic modifier of 'insulin'. 3.Otherwise, the BV is the numerical mean of sim key and sim mod . Belkin et al. (1993) showed that the numerical mean works predominantly better for combining multiple similarity values.
Results
The first prototype of genXref was developed in 1995 (Achard and Dessen, 1995) . The links generated by genXref are stored in Virgil (see Achard et al., 1998) , a database of rich links between GDB and Genbank. For the purpose of this paper, we re-ran genXref on both databases: Version 6.2 of GDB as of March 1997 and Release 99 of Genbank. Following the steps described in the previous section, we calculated the BV of every possible link between the 6658 GDB genes and 55 757 human Genbank sequences.
In the context of genXref, the relevance of a link is defined in accordance with Karp's (1996) definition of unification links: 'links that connect distributed slices of an object'. A link is judged non-relevant (false positive) if there is evidence to prove that the gene (a GDB object) does not physically map to the sequence (a Genbank entry). Note that this is a severe restriction, IR systems typically define the relevance based on a utility approach paradigm (Smithson, 1994) .
The links with a BV > 0.55 were saved for data analysis. For comparison purposes, we also extracted from GDB and Genbank all the links between a GDB gene and a Genbank sequence. The three populations of links are further denoted as GXFs, GDBs and GBKs. Table 1 shows the number of links for each population. We randomly sampled 170 links from each population to determine the link precision, i.e. the percentage of relevant links in a population. Table 2 gives the results.
Link precision
An analysis of GXFs link precision distribution with respect to the BV was also performed. We divided GXFs into four BV categories and deduced the precision by a random sampling of 100 links from each categories. Figure 2 shows the results. Extracted from GDB 95 ± 4
Extracted from Genbank 95 ± 4
Link recall
The number of links generated by genXref divided by the total number of links is called the link recall. It gives an idea of the number of relevant links missed by genXref. The link recall is difficult to calculate because it requires knowing all the relevant links between two sets of objects, information not easily available for large collections. Our approach was to approximate genXref link recall by computing the BV of all the links defined in GDBs and GBKs. A link with a BV > 0.55 is counted as recalled by genXref. We thus calculated genXref link recall as being 31% for GDBs and 33% for GBKs. Note that these are biased estimations of genXref link recall because it is assumed that the link precision is 100% for GDBs and GBKs, and that GDBs and GBKs are representative of all the relevant links.
Discussion
In an ideal system, every relevant link between a gene in GDB and its sequence in Genbank would be generated (thus producing a link recall of 100%), while all non-relevant links would be rejected (link precision of 100%). With a link recall of ∼32% and a link precision of 83%, genXref is not this ideal system. GenXref limitations are mainly due to two reasons: 1.The natural language text that describes objects in databases lacks consistency because (i) the biological data originate from different submitters, each with his own style, and (ii) there is little standardization for naming biological objects. This results in the use of many biological synonyms or abbreviations. For example, 'immunoglobulin' and 'Ig' are used for each population within Genbank, whereas only 'immunoglobulin' is used within GDB. This type of problem accounts for many of the links missed by genXref, thus decreasing genXref link recall. 2.We introduced the notion of semantic modifiers to discriminate objects such as 'insulin' and 'insulin receptor'. However, when the term signature of a document contains many semantic modifiers, the discrimination is not always efficient because of the dilution of the information. For example, genXref gives a BV of 0.73 to a link between the 'insulin-like growth factor 1' and the 'insulin-like growth factor-binding protein'. This type of error accounts for decreasing genXref link precision.
However, genXref results are encouraging, considering that it was tested on databases that are very different. The BV gives an indication of the relevance of a link. From Figure 2 , it is clear that the link precision and the BV are related. Links with a BV > 0.8 have a link precision similar to the links found either in GDB or Genbank. That qualifies them for being added to these databases without diminishing the overall quality of their links. The links with a BV < 0.8 are said to be 'putative'. They are generated to provide a larger collection of links, even if a manual check of the data is necessary to eliminate incorrect links.
To enhance genXref efficacy, we are implementing a dictionary of synonyms and testing new weighting schema to be applied to the semantic modifiers.
